Abstract-This paper deals with state estimation of Powered Two Wheeled vehicle (PTWV) and robust reconstruction of related unknown inputs. For this purpose, we consider a unknown-input high order Sliding-mode observer (UIHOSMO). First, a motorcycle dynamic model is derived using Jourdain's principle. In a second time, we consider both the observation of the PTWV dynamic states, the reconstruction of the lean dynamics (roll angle φ(t)) and the rider's torque applied on the handlebar. Finlay, several simulation cases are provided to illustrate the efficiency of the proposed observer.
I. INTRODUCTION
Recently, the use of PTWV is constantly growing, upsetting driving practices and road traffic. Unfortunately, this expansion is also inflected by an important increase of motorcycle's fatalities. Recent statistics confirm this fact and consider riders as the most vulnerable road users. Several programs are considered to find solutions for enhancing safety [1] .
The success of any proposed safety systems depends on the knowledge of the motorcycle dynamics and, the evolution of its states behavior under the rider's action and/or the infrastructure geometry. Regarding the first issue, several studies were carried out to understand the motorcycle dynamics [2] , [3] , the stability analysis, safe trajectories [4] and risk functions [5] to detect borderline cases of loss-ofcontrol. These research are very few sustainable if they are not propped by a system estimating the dynamic states of the PTWV.
The direct measurement, by sensors, of all the PTWV states is not conceivable for two reasons: 1) instrumentation can be very expensive leading inevitably to expensive new PTWV, and 2) according to used technologies, the measurement noise can seriously compromise the future safety systems. Thus, we propose to use observation techniques to overcome the previous shortcomings. Within this context, including all methodologies, very few studies exist [6] , [7] .
In the PTWV context, most studies have mainly concerned the estimation of the lean dynamics unlike the steering one. Different techniques have been proposed to estimate the roll angle such that, frequency separation filtering [8] or extended Kalman filters, [9] . These techniques, performed lfridman@servidor.unam.mx under restrictive assumptions (dynamic steering is neglected, tire-road forces are linear, etc.), are not robust against the variations of the forward velocity. The topic of estimation of the steering angle (not the rider's torque reconstruction) is not well covered in literature as the lean angle estimation problem. However, a few results have been obtained in [10] , where an LPV observer has been used to design single-sensor control strategies for a semi-active steering damper. The approach is a simple gain scheduling for an LTI motorcycle model under three constant forward velocities (50, 100 and 140 m/s). Unfortunately, no guarantees for stability or convergence of the LPV observer are given outwards these constant velocities.
To the best knowledge of the authors, the simultaneous estimation of the lean and the steering dynamics (rider's torque) have never been addressed. The present work proposes a robust UIHOSMO [11] , helping in states observation of motorcycle model and the reconstruction of rider's action. Sliding-mode based observer (SMO) for system states estimation in the presence and/or absence of unknown inputs has been the subject of several work from the control community. Today, one can notice that observation theory has matured and has succeed to deal with many technical issues where some restrictive conditions related to the observability and the reconstruction of unknown inputs were released even suppressed. In its simplest version, a SMO uses the same structure as a traditional Luenberger observer with an injection term related to the system's output. However, it is necessary that the system's unknown inputs and outputs satisfy the socalled matching condition [12] . To overcome this limitation, system coordinates transformation are introduced and the use of Sliding-mode differentiator (SMD) for the auxiliary output generation is generalized [13] , [14] . This allows to use a powerful optimization technique, like linear matrix inequality (LMI), to offer a systematic design procedure of the observer gain [15] . Nevertheless, the chattering of these observers requires filtering [16] .
To avoid filtering, the discontinuous output injection is replaced by a continuous super-twisting algorithm (STA) [17] . In this new version, the relative degree of the system's outputs with respect to the unknown inputs must be equal to the system order. This restriction is resolved by the introduction of the high-order Sliding-mode observers (HOSMO) [11] based on the high-order robust exact Sliding-mode differentiator [18] where the notion of strong observability and strong detectability were presented [11] . It remains at least that the outputs relative degree must exist which brings a novel restriction treated by the development of the concept of weakly observable subspaces detailed in [19] . This paper is organized as follows: a succinct motorcycle dynamics description is provided in section II. Sections III is dedicated to the synthesis of the UIHOSMO. Simulation results are given is section IV. The conclusion in section V wrap up the paper.
II. MOTORCYCLE DYNAMICS
In motorcycle dynamics dynamics, two main modes of motion are considered: in-plane mode, including the longitudinal motion and that of suspensions and, the out-of-plane mode which describes the lateral dynamics when cornering [2] , [20] . The last mode involves the roll inclination, the yaw rotation, the steering and the lateral motions. We consider here only the out-of-plane mode where the coupling between the two modes is materialized, when neccesery, by considering a variable longitudinal velocity that appears in the lateral dynamics.
In [21] , a step by step modeling procedure based on the Jourdain's principle approach is presented. The obtained nonlinear model is linearized around the straight-running trim trajectory and can be expressed by the following statespace:ẋ
here,
T denotes the state vector. 
III. STATES AND UNKNOWN INPUTS ESTIMATION
In this section, we aim to estimate the motorcycle states and reconstruct both roll angle ϕ and rider's torque τ r by using a HOSMO [11] .
At first, we recall some important definitions about observability and detectability of linear systems (for proofs see [11] , [22] ). Consider the following SISO system, where x ∈ R n and ζ ∈ R is the unknown-input:
In the absence of unknown-input (ζ = 0), system (2) is observable if and only if the observability matrix P such that:
has the full rank. Otherwise, it is detectable if the system's invariant zeros are stable.
Definition 3.2:
The relative degree of the output y with respect to the unknown-input ζ is the number r such that:
In the presence of an unknown-input, system (2) is strongly observable if and only if the relative degree r satisfies: r = rank(P ). Otherwise, it is strongly detectable if and only if the relative degree r exists and (2) is minimum phase system. In that case, r ≤ rank(P ).
As previous, consider the MIMO system of the form (2), where x ∈ R n , y ∈ R m is the output vector and ζ ∈ R m is the unknown-input vector.
Definition 3.4: In the absence of unknown inputs (ζ = 0), system (2) is observable if and only if the observability matrix P such that:
. . .
has the full rank, where C i , i = 1, · · · , m is the i-th row of the matrix C.
Definition 3.5: The relative degree of the output y with respect to the unknown-input ζ is the vector r = [r 1 , · · · , r m ] such that:
and:
In the presence of an unknown-input, system (2) is strongly observable if and only if the total relative degree r T = r 1 + · · · + r m satisfies: r T = rank(P ). Otherwise, it is strongly detectable if and only if the relative degree vector r = [r 1 , · · · , r m ] exists, and (2) is minimum phase.
From definition (3.1), the motorcycle dynamics (1) is neither observable nor detectable. Indeed, for all v x in the allowable velocities range, the observability index is equal to 6 which is less than the system order (n = 8), in addition, the motorcycle dynamics has one unstable invariant zero which makes the motorcycle dynamics to be a non-minimum phase.
A. Estimation of the Roll Angle and Rider's Torque
In order to make the system observable, the motorcycle model (1) is rewritten such that the roll angle ϕ and the steering torque τ r are considered as unknown inputs. In fact, the unstable invariant zero is a direct consequence of the counter-steering phenomena generated by the motorcycle roll. In this case, the new system equation is written as: 
From definition (3.5), the output y pp in (5) has a relative degree vector r = [2, 1] with respect to the unknown-input vector ζ. In addition, system (5) has 3 stable invariant zeros for all v x in the allowable velocities range. It results from (3.6), that (5) is also strongly detectable. This definition implies that only r T = r 1 + r 2 system's states can be estimated exactly while the observation of the remaining states are asymptotically exact.
As before, to estimate the system's state x p and the unknown-input vector ζ, it is necessary to separate the clean states from those contaminated by the unknown inputs. To achieve this, system (5) is transformed to a new coordinates system ξ p = T x p such that the closed-loop system dynamics where ξ
Next, the state observer is designed as:
in whichx p is the vector of estimated states, z ∈ R n and ϑ ∈ R n is given by (recall that n = 7, r = [2, 1] and r T = 3):
Once again, v i ∈ R rM +k+1 is the nonlinear part of the observer where i = 1, · · · , m and r M = max(r i ). Each unknown-input ζ i is bounded with |ζ i | ≤ ζ i,max and the (r M −r i +k) successive derivatives of ζ i are bounded by the same constant ζ ′ i,max , consequently the auxiliary variable v i is a solution of the discontinuous vector differential equation by considering k = 1 as:
Finally, the reconstruction of the unknown-input vector is possible by using:
Remark 3.1: In the strong observability case, all system's states are exactly estimated and the coordinates transformation matrix ξ = T x is none than the observability matrix P . However, in the strong detectability case, only r system's states are exactly estimated where r is the relative degree. Consequently, it is simple to show that the r first lines of the coordinates transformation matrix T are the same of those of the observability matrix P . The expression of the remaining n − r lines are explicitly described and proven in [23] .
IV. SIMULATION RESULTS
In this section, the unknown-input high order Slidingmode observer is constructed for the presented motorcycle model. Some simulations and discussions are provided to illustrate the effectiveness and the ability of the UIHOSMO in estimating simultaneously the dynamic states and both roll angle and the applied torque by the rider on the handlebar. The observer is designed in such a way to estimate all the dynamic states and unknown inputs from only the knowledge of steering angle δ(t) and the yaw rateψ(t). The parameters λ i , i = 1, 2 of the differentiator (21) are chosen as follows λ 1 = λ 2 = 10000. The Luenberger gain L pp of (7) Finally, the unknown inputs (rider torque) τ (t) is shown in figures 3. One can conclude that the UIHOSMO provides satisfactory results. In this work, only state and unknowninput estimation is considered, but it is possible to deal with the problem of oscillations by parameter adjustment of the observer (λ).
B. Simulation With Uncertain Parameters
In order to illustrate the performances of the proposed observer in the presence of modeling uncertainties, the observer is designed by using the motorcycle nominal model and applied to the system with 20% parameters variation with respect to nominal values. As shown in figure 4 the observer provides accurate estimations for almost the state variables. The effect of the uncertainties can be seen only in the estimation of the lateral forces and rider torque. Nevertheless, the obtained estimations are acceptable.
As explained previously, the longitudinal velocity v x is considered constant, but in practice, it is not. The proposed observer is subjected to a time-varying v x ∈ [13.8, 15.3](m/s) figure 5 . The estimated states in this case are illustrated in the figure 6. Notice that the observer provides an acceptable state estimation for almost all states, only the estimations ofφ(t) and τ (t) are faintly affected, in particular, in the range time [3, 5.5](s) where v x (t) = 13.8m/s which is far from the nominal value of 15m/s.
To end the simulation part, let us consider the abilities of the proposed observer in noisy measurement case. A centered random noise in the range [−0.0001, 0.0001] is added to the measurements δ(t) andψ(t). The obtained results are depicted in the figure 7. The states are correctly estimated expect the steering angle rateδ(t). This problem can be solved by reducing the value of the parameters λ i , i = 1, 2, for example, with the values λ 1 = λ 2 = 10, the obtained results in figure 8 are less affected by the measurement noises and more accurate estimations are obtained. In this article, the problem of observer design for simultaneously estimating the dynamics states of a motorcycle, and unknown inputs is considered. For that purpose, an Unknown Inputs High Order Sliding-mode observer is proposed. The observability of the initial model is not guaranteed, then a transformation of this last into a model with two inputs by considering the unobservable state φ(t) as an unknown-input as well as the rider torque applied on the handlebar. The obtained model is then exploited to construct the Unknown Inputs High Order Sliding-mode observer. Some simulation results are provided in order to illustrate the efficiency of the High Order Sliding-mode Observer. 
